Minimizing vibrations of a maneuvered flexible manipulator is a challenging task. This paper presents the results of a series of experimental tests carried out on the Space Robot Simulator assembly, which has been set up at the Spacecraft Research and Design Center of U.S. Naval Postgraduate School. The manipulator is planar with two rotational degrees of freedom and two links, of which either one or both can be flexible in bending. The manipulator floats on air cushions on a granite table. The task of the experiments was to test the
I Introduction
Vibration reduction is a critical problem related to the maneuvering of space robots, which are light, slender and flexible. Command shaping techniques are possible solutions to that problem.
A set of command shaping techniques exists. These techniques work by altering the shape of either the actuator commands, or the reference outputs, in order to reduce the oscillation of the system response. Input shaping refers to a particular command shaping technique that exploits the convolution of the reference signal with a sequence of impulses, in order to reduce the system vibrations. Smith [1] , first, proposed that idea in his work on Posicast control. Singer and Seering [2] improved the original idea of Smith, by increasing the robustness. They obtained promising simulation results of input shaping control of the Space Shuttle Remote Manipulator System. Singhose, Banerjee and Seering [3] studied an input shaping controller for slewing a flexible spacecraft. Banerjee and Singhose [4] , [5] , proposed the application of input shaping for the minimum-time control of a two-link flexible manipulator. Song, Buck and Agrawal [6] treated the application of input shaping for reduction of vibration of a flexible spacecraft, using pulse-width pulsefrequency modulated thrusters. Another command shaping approach, whose principle is to smooth the bang-bang input with a spline approximation of the sign function, was proposed by Junkins, Rahman and Bang [7] and studied by Hecht and Junkins to deal with the problem of near-minimum time control of a flexible manipulator [8] . Mimmi, Pennacchi and Bernelli-Zazzera studied a different command shaping technique derived by the design of cam profiles [9] . All above referred papers prove the effectiveness of command shaping using numerical simulations. There are also several papers reporting experimental verifications of those techniques. Ref. [10] discusses the results of application of input shaping on the MACE experiment, with flew on Space Shuttle in 1995. Ref. [11] reports the results of applying the input shaping control on a XY stage machine carrying a flexible beam. Ref. [12] , [13] and [14] report the experimental testing of command shaping techniques on flexible link manipulators.
A second critical problem, which often affects space manipulators, in addition to structural flexibility, is the stick-slip friction at the joints. In fact, space manipulators are usually actuated by motors with gears. Numerous methods are proposed in literature to cope with the problem of friction in mechanisms-see Armstrong [15] for a survey. In particular, Song [16] introduces a promising sliding-mode tracking control method, exploiting a smooth friction compensation action.
In order to carry out the experiments reported in this paper, a test bed, called Space Robot Simulator, was purposely designed and setup at the Spacecraft Research and Design Center of the U.S. Naval Postgraduate School. This is a planar manipulator with two rotational degrees of freedom and two links, either one of which can be flexible as regards bending in the plane of motion. The manipulator floats on air cushions on a granite table.
Our new contributions, obtained by using the Space Robot Simulator and described in this paper, are:
1. To provide a detailed experimental verification of the input shaping method for the tracking control of a manipulator with highly flexible links. In particular the challenging case of near-minimum-time reference motion has been considered.
2.
To compare the input shaping technique with the smoothed bang-bang command shaping technique proposed in ref. [7] .
3. To experimentally verify the sliding-mode tracking controller with smooth friction compensation proposed in ref. [16] .
Section two of this paper reports an introduction to the two command shaping methods. Section three describes the sliding mode tracking controller. The experimental set-up is described in section four. Finally, the results of the experiments are reported in section five.
II Command shaping methods

A Input shaping
The input shaping method, in principle, works by creating a command signal that cancels the vibration produced on the system to which it is applied. The method adopted for the present research is based on linear system theory.
Suppose we have an underdamped second order linear system. Its response to an impulsive input at time t 0 is a decaying sinusoid. If, after the application of a first impulse to the system, a second impulse, with suitable relative amplitude and phase with respect to the first, is applied, the vibration due to the first impulse is completely eliminated by the second input. The relative amplitude and phase of the two impulses satisfying this property, calculated considering the superposition of the responses to the single impulses and applying the constraints of zero residual vibration (ZV), is shown in figure 1 .a.
The pulse train parameters are given by:
where ζ is the damping ratio of the plant and ω 0 is its undamped natural frequency.
The method described above was the main idea of Smith's Posicast control [1] . Singer and Seering [2] show that with a train of two impulses the robustness against uncertainty in the modal frequency ω 0 is weak. In order to enhance the robustness, they propose to use a train of three impulses, instead of two, and they calculate the relative amplitudes and phases of The above described impulse sequences, can be convolved to an arbitrary input, to obtain the same vibration-reducing properties of the impulsive input case. The sequence, therefore, becomes a prefilter-called input shaper-for any input to be given to the system. There is a time penalty, resulting from the input shaper prefiltering, equal to the length of the impulse sequence.
The input shaper impulse sequences can be generalized to consider more than one vibration mode, convolving each other the impulse trains designed for specific modes.
Even though no general statement can be made a priori regarding the applicability of input shaping to nonlinear systems, the effectiveness of input shaping to control various specific nonlinear systems has been proved by numerical simulation. In particular the case of a two links manipulator with flexible links is treated in [5] .
B Command smoothing
In addition to input shaping, a second command shaping method has been considered for the experiments performed. This technique will be called hereafter smoothed bang-bang command.
In order to avoid the instantaneous switches of the near-minimum-time bang-bang law, which, applied to flexible systems, excite the poorly modeled higher modes, Junkins, Rahman and Bang [7] proposed to use a continuous spline approximation of the sign function. It is here recalled that the bang-bang command gives the minimum time control only in case of a rigid body, single-axis control problem. For the manipulator maneuvering, better time minimum control solutions can be obtained by the technique proposed in ref. [17] and used in ref. [18] . Nevertheless, the bang-bang command is here used for the sake of simplicity in order to test the effectiveness of the investigated control methods.
The near-minimum-time, smoothed bang-bang reference command, for a single axis rest-to-rest motion, has the following form, represented also in
whereθ max = u max /I is the maximum angular acceleration, function of the saturation torque u max and of I, the inertia of the undeformed system; t f is the maneuver time; ∆t = αt f is the rise time, function of the smoothing parameter 0 < α < 0.25; and f (∆t, t f , t) is the smooth sign function approximation, given by:
where
+ ∆t , and t 3 = (t f − ∆t).
Integrating the eq. 2, considering the eq. 3, the following relationship between maneuver time, boundary conditions, maximum angular acceleration and smoothing parameter is obtained: 
III Sliding-mode tracking control
Command shaping is usually applied as an open loop technique to reduce vibrations, because it does not require a measurement of the state of the system, but it can also be applied to the reference signals of a closed loop system. In this last way it has been applied in the present research. In fact, in our case, the two command shaping techniques, described in previous section, have been applied to the reference acceleration of the manipulatoreither angular acceleration or acceleration along the path. Then, a closed loop tracking control method has been applied, at the joints level, in order to follow those reference accelerations.
In particular, a sliding-mode tracking control method with friction compensation, which was recently proposed in ref. [16] , has been for the first time applied in our experiments to counteract the high and varying static friction torques. A good tracking of the joints motion was needed to reach our main goal of verifying the effectiveness of input shaping for vibrations reduction.
A brief description of the sliding mode tracking control follows [16] . The vectorial dynamic equation of a n d.o.f. manipulator, assumed to be rigid, has the form:
where q ∈ R Global asymptotic stability of this closed-loop controller is proved in ref. [16] , exploiting the Lyapunov's direct method.
IV The Space Robot Simulator test-bed
This section reports a description of the elements of the Space Robot Simulator test-bed, which was designed and set up at the Spacecraft Research and Design Center of the Naval Postgraduate School. A schematic diagram of the test-bed is reported in fig. 4 . 
V Experimental results
In this section, the most significant experiments of preshaped input tracking control, carried out on the SRS test bed are described and their results analyzed. The interested reader can see ref. [20] for a complete report of the series of experimental tests.
In this paper, the links of the manipulator are treated as if they were rigid, for the purpose of computing, off-line before the experiments, the feedforward command torques, used by the sliding-mode control to follow the reference joints motion.
The following reference maneuvers, which are shown in figure 6 , have been considered:
• Open path maneuver. During this maneuver, the joints of the manipulator slew in opposite directions from rest to rest, over an angle of π/2.
In particular, θ 1 goes from π/4 to 3/4π, and θ 2 from π/4 to −π/4. This maneuver was directly designed in the joint space in order to avoid any problem due to singularity of the kinematic inversion. The feedforward torques are derived via dynamic inversion, from the reference angular accelerations, speeds and positions, assuming a two-link manipulator rigid model. The equations of motion of that model have the form of the eq. 5. In particular, the joints friction and the gravitational terms are considered zero; the complete expression of the inertia matrix and of the matrix of Coriolis and centrifugal terms is reported in ref. [20] and reflects the data of the experimental manipulator SRS, reported in table 1.
The following four types of reference angular accelerations have been 4. RA 4 . Input shaping applied to the smoothed bang-bang profile.
Again the three impulses input shaper has been applied.
• All the experiments reported in this paper were carried out several times, with a very good repeatability of the results. Table 4 reports the most significant data regarding the experiments of track-
A Experiments on tracking the open path maneuver
ing of the open path maneuver by the robot in the two configurations RF and F F , with the four previously described reference angular accelerations.
The amplitude of residual oscillation was computed considering the measure either from the camera or from the accelerometer.
The application of input shaping reduces the residual vibration of about 87% with respect to the bang-bang acceleration, in the case with only the second link flexible, and of about 98% in the case with both links flexible. These results demonstrate clearly the effectiveness of the input shaping approach.
Remarkably, while in the case of the configuration with one flexible link the smoothing works about the same as the input shaping, in the case when both the links are flexible, only the input shaping approach is effective in reducing the vibration to a reasonable value. This interesting result is probably due to the fact that when the vibration period becomes of the same order of the bang-bang command period, the smoothed command effectiveness decreases. One possible interpretation is that the smoothed bang-bang commands are very similar to bang-bang functions that have been subjected to a low-pass filter. Therefore their performance varies considerably whit the system parameters, and in particular its modes. However, the input shaping commands are bang-bang functions that have been subjected to a notch filter that targets the frequencies in the system. In this way, the input shaping is more intelligent than the smoothed profile and its performance is not so highly dependent on the variations of the system parameters. 
B Experiments on tracking the closed path maneuver
Bang-bang and input shaped bang-bang reference acceleration along each side of the square have been tested on the robot in the configuration RF , i.e.
with rigid first link and flexible second link.
As shown in figure 11 , the input shaping is clearly effective, in reducing the vibration, also along the closed path maneuver. While with the bang-bang acceleration profile along each side the maximum tracking error is ∼ 15 cm, input shaping reduces it to ∼ 2 cm.
These experimental results are in good accordance with the results reported in ref. [5] and [11] . In conclusion, the utilization of input shaping, associated to a slidingmode tracking control was found to solve the problem of tracking a reference maneuver with a flexible links manipulator. This is a promising technique and, in principle, it could be directly applied to the existing space manipu-lators. In fact only the actuators and sensors naturally present at the manipulator joints are used. The computation requirements are relatively low, and the method can be applied to track any reference maneuver.
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